In four experiments, a scalar judgment of perceived depth was used to examine the spatial and temporal characteristics of the perceptual buildup of three-dimensional (3-D) structure from optical motion as a function of the depth in the simulated object, the speed of motion, the number of elements defining the object, the smoothness of the optic flow field, and the type of motion. In most of the experiments, the objects were polar projections of simulated half-ellipsoids undergoing a curvilinear translation about the screen center. It was foundthat-the buiklupof3-D structure was: (1) jointly dependent on the speed at which an object moved and on the range through which the object moved; (2) more rapid for deep simulated objects than for shallow objects; (3) unaffected by the number of points defining the object, including the maximum apparent depth within each simulated object-depth condition; (4) not disrupted by nonsmooth optic flow fields; and (5) more rapid for rotating objects than for curvilinearly translating objects.
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The human visual system has the remarkable ability to recover three-dimensional (3-D) shape when it is presented with a rapid succession of 2-D views of a moving object. Even when each view by itself contains no information about three-dimensionality, depth can still be perceived. In their now classic study, Wallach and O'Connell (1953) named this phenomenon the kinetic depth effect (KDE). Recent investigators have called the phenomenon the recovery of structurefrom motion (SFM) (e.g., Todd, 1984; Ullman, 1979 Ullman, , 1984 .
When viewing a KDE display, one often has the impression that the time course for the structural buildup is quite short. Wallach and O'Connell (1953) took note of this factwhen they observed that "turning wire-figures were seen three dimensionally immediately upon presentation" (p. 208) . Surprisingly, until recent years, there was very little data about the temporal characteristics of the process involved in the recovery of SFM (see Hildreth, Grzywacz, Adelson, & Inada, 1990 ; ' Loomis & Eby, 1988; Todd & Bressan, 1990) .
This lack of data is surprising for a number of reasons. First, because a static view of the 2-D imagery produces A preliminary report of Experiments 1 and 2 was presented at the meeting of the Association for Research in Vision and Ophthalmology in Sarasota, FL in 1990 . This work was supported by NSF Grant BNS-8919383 and grants from the Academic Senate of the University of California, Santa Barbara. For their comments on previous drafts of this article, I thank Jack Loomis, John Foley, Mike Braunstein, John Andersen, JimTodd, Susan Ganter, and an anonymous reviewer. I thank Brian M'Closkey for his assistance with the statistical analyses. This work was completed in partial satisfaction of the requirements for the doctoral degree from the University of California, Santa Barbara. Correspondence may be addressed to D. W. Eby, Department of Cognitive Sciences, School of Social Sciences, University of California, Irvine, CA 92717. no impression of depth (if all other cues to depth are removed), it should be obvious, once motion is initiated, that structural buildup is a fundamental aspect of the perception of SFM. Second, from an applied standpoint, data about the human ability to process rapid, kinetic 3-D information is often useful in system design. Data about the spatial and temporal characteristics of perceiving 3-D SFM could be used to optimize systems that rapidly display 3-D information, such as flight simulation systems. Third, as noted by several authors, information about how depth builds up over time is important for theories of the human perception of SFM (Grzywacz & Hildreth, 1987; Hildreth & Koch, 1987; Landy, 1987; Landy, Dosher, Sperling, & Perkins, 1988) . My primary purpose in the present article is to provide an empirical background of temporal and spatial characteristics of the perception of SFM, by investigating the effects of several factors on the buildup of 3-D structure.
Several terms that I will use in this article are defined in Table 1 . The buildup of 3-D structure can be defined either temporally or spatially. Since these two factors often covary (i.e., an increase in one often produces an equal increase in the other), they are frequently used interchangeably. However, in this and in other studies (e.g., Hildreth et al., 1990; Todd & Bressan, 1990) , there is evidence to suggest that temporal and spatial variables affect the buildup of 3-D structure differentially. The buildup of 3-D structure is therefore defined as the function that relates perceived depth to stimulus duration; in spatial terms, buildup is defined as the function that relates perceived depth to range of motion. Most of the results in this study can be adequately described by exponential functions oftwo parameters-the asymptotic extension in depth and either the space constant (Equation 1) or the time constant (Equation 2). Thus, the buildup of 3-D structure is defmed in relation to these scalar parameters.
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Term Definition
Angular increment The number of degrees of curvilinear translation between each distinct view of an object and the next.
Distinct view
New information about an object consisting of a set of new 2-D coordinates.
Range of motion
The total range (either translation or rotation) through which an object moves during an entire display (i.e., the number of distinct views multiplied by either the rotary or the angular increment).
Refresh rate
The rate at which the video monitor redraws the information being displayed, independently of update rate, expressed in number of refreshes per second (in hertz). Rotary increment The number of degrees of rotation between each distinct view of an object.
Update rate
The number of distinctviews of the object per second (in hertz).
In a study of the buildup of 3-D SFM, Hildreth et al. (1990) investigated three main variables: range of rotation (or display duration, since they covaried), simulated depth separation between the three points used in their display, and the effect of increased noise in the 2-D location of the image points. They found that the accuracy with which a subject could determine which of three points was intermediate in depth increased with increasing range of rotation up to about 30°or 40°and then leveled off. At their refresh rate of 33 Hz, this angular range corresponded to a duration of 660-900 msec. Using scalar judgments of perceiveddepth and curvilinearly translating objects, Loomis and Eby (1988) have studied the same variables and have found similar results, with reports ofdepth leveling offat about 40°-60°of motion. This range of motion corresponded to a duration of about 570-860 msec.
When different depths were simulated, Hildreth et al. (1990) found that performance accuracy increased as depth separation increased, suggesting that larger simulated separations were perceived as being deeper. This interpretation is supported by several studies in which it has been shown that subjects tend to report increased apparent depth when objects are simulated as being deeper (e.g., Eby & Loomis, 1989; Loomis & Eby, 1987a ). In addition, Hildreth et al. (1990) found that, with large simulated separations, subjects' accuracy in indicating which of three points was intermediate in depth reached asymptotic levels at about the same time as it did with small simulated separations (however, the asymptotic levels differed, depending on the separation). A similar result has also been reported by Loomis and Eby (1988) , who found that judgments of object depth for different-sized objects undergoing a curvilinear translation reached a maximum at about the same time.
The. amount of noise in the 2-D positioning of points in a SFM display does not seem to affect the buildup of perceived structure. Hildreth et al. (1990) added noise to the 2-D location of the points by randomly perturbing the x and y values of the points according to a Gaussian distribution. In different experimental sessions, the space constant for the Gaussian was varied to manipulate the amount of noise. Hildreth et al. found that as noise was increased, overall performance decreased; however, asymptotic levels of performance were reached at about the same angular range of rotation as in the condition in which no noise was present. This finding suggests that the addition of noise reduces the amount of depth separation perceived in the points but does not seem to affect the temporal or spatial characteristics ofthe build-up of structure. The results of the Hildreth et al. (1990) and Loomis and Eby (1988) studies provide some preliminary information about how object depth builds up.
The present study was designed as a systematic investigation of several other variables that are likely to be useful for theorizing about the process of recovering 3-D SFM. Specifically, the temporal and spatial characteristics of the buildup of perceived 3-D structure were investigated as a function of the speed of the object motion, the simulated object depth, the amount of surface overlap in transparent objects, the number of elements defining the object, and the type of simulated 3-D motion.
GENERAL METHOD
Unless otherwise indicated, a variation of a method used by Loomis and Eby (1988, Experiment 4) was also used in the present experiments. A one-parameter series of half-ellipsoids, varying only in the distance from base to apex, was developed (see Figure 1) . Because many models of the human perception of SFM recover 3-D structure (e.g., Grzywacz & Hildreth, 1987; Landy, 1987; UIlman, 1984) , Loomis and Eby (1990) have argued that dependent measures that capture local curvature or surface orientation are the best measures for making contact with theorizing. However, such methods are time consuming and difficult for observers. In the present study, a faster and less difficult means ofjudgment was chosen. The subject's task was to report the length, from base to apex, of the perceived half-ellipsoid (D' in Figure 1 ), under the assumption that this scalar measure captures the essential change in perceived structure produced by our manipulations. Despite the subjectivity of the measure, Loomis and Eby (1988 have shown that suchdepth estimates correlate highly with interesting measures of image motion (such as shearing motion), which suggests that scalar depth estimates are useful for theorizing about the human recovery of SFM.
Stimuli and Apparatus
The surfaces of the half-ellipsoids were defined by some set (usually 128 or 256) of randomly positioned luminous points, with the restriction that one of these points be positioned directly on the apex and four points evenly positioned about the base. Display point size was .4mm (1.4') . So that subjects could not use unique features produced by the random placement of the points in the different objects as a basis for object identification, the half-ellipsoids were all created in the following way. Between objects, the x andy coordinates defining these points were identical; however, the z coordinate varied, depending on the simulated depth in the object. The SFM image sequences were created on an IBM PS/2 Model 80 microcomputer with software written for the 640 x 480 resolution mode ofthe IBM video graphics array (see Loomis & Eby, 198Th,  Three Examples of Half-Ellipsoids Figure 1 . Three examples of objects (half-ellipsoids) with shapes similar to those of the objects used in this study. For all objects, the base diameter was equal; the objects differed only in depth. D' shows the dimension judged by the subject. The objects were defined by points of light randomly positioned on their surfaces.
for a description of the software) and displayed on a Zenith flat screen RGB monitor (ZTM 1490). The video refresh rate was fixed at 60 Hz.
In most of the experiments, the objects were displayed on the CRT in the geometric configuration shown in Figure 2 . The simulated object depicted in Figure 2 is the half-ellipsoid shown in Figure 1 , oriented so that the base is parallel to the display screen with the apex recessed into the screen. The projected base of the object was 7 cm in diameter (4°of visual angle). The projection center of the object base was always 5 cm from the screen center.
During each trial, the half-ellipsoid translated curvilinearly about the screen center, 2 and unless otherwise indicated, the angular increment was 1°/view.By analogy, the motion is similar to the orbital motion ofthe moon about the earth when viewed from above the earth's pole, with the moon as the object and the fixed point being the earth's center of mass.
This presentation method produced at least one source of depth information: velocity gradients based on motion parallax (the projected velocities varied with the distance to the projection point). The ability of the visual system to use this type of information is currently being investigated by several authors (e.g., Braunstein, Andersen, Rouse, & Tittle, 1986; Braunstein & Tittle, 1988; Loomis & Eby, 1990 , 1991 .
In the present study, we were interested in the buildup of 3-D structure as a function of the available motion information. This stimulus presentation method is advantageous for holding constant or eliminating the other monocular cues to depth that are often simultaneously present in a SFM display. As the object translated curvilinearly, it projected a nondeforming contour. Changes in the projected contour ofan object in the absence of relative motion information have been shown to be a potentially useful source of information about 3-D object shape (e.g., Andersen & Cortese, 1989; Loomis & Eby, 1989; Pollick, 1989; Todd, 1985; Waflach & O'Connell, 1953) . In addition, textural information, while possibly informative about object depth (e.g., Sperling, Landy, Dosher, & Perkins, 1989) , is held constant while the object translates curvilinearly, allowing one to assess structural buildup without confounding the results with apparent depth produced by changing textural information. Curvilinear translation about the screen center, rather than some other type of translation, was also chosen because the simulated object center always remained at the same distance from the projection point used in generating the displays. Variations in this distance might have produced variations in perceived depth that were unrelated to the variables under investigation.
Range of motion and viewing duration were manipulated by varying a between trials. The display was viewed monocularly with the right eye and with head movement attenuated by a chinrest. The subject's eye was positioned on a line perpendicular to the center of the screen at a distance of I m. This viewing position was geometrically correct for the 1-rn projection distance used in creating the 2-D imagery. A static view of the display appeared as a collection of white points contained within a circular area on a black background.
The experiments were under subject control and were run in a small darkened room. As depicted in Figure 3 , the subject sat at a station with a chinrest. A computer keyboard was enclosed by a five-sided box that was open facing the subject. A small light source attached inside the box provided enough light for the subject to see the keyboard without the room's being visibly illuminated. The subject viewed the display screen over the box. A light source beneath the monitor illuminated a ruler that was calibrated in centimeters. The light source was connected to a foot pedal with which the subject could illuminate the ruler. The subject used the ruler to facilitate his or her judgment of object depth. The subject was kept in a moderate state of light adaptation by uniformly illuminating the display screen at a luminance of 65.1 cdJm 2 between trials.
Procedure
The experiments were divided into three or four sessions that were run with at least 2 h separating them. Prior to the first session, the subject was given instructions about the task and about how to perform the experiment. The subject was shown a diagram of the dimension of the half-ellipsoid that was to be judged (D' in Figure 1 ).
The subject was told to respond to the apparent extent in depth rather than to what the subject "thought" was being shown. as seen by the observer.) Previous investigations in our laboratory have shown that these displays occasionally undergo depth reversals.
Because this may have changed the perceived depth extent, subjects were instructed to attempt to maintain the depth ordering that they perceived at the beginning of the experimental sessions. When a depth reversal occurred during a trial, the subject was instructed to view the display until the depth reversed again before making a depth judgment. In postexperimental interviews, only about half of the subjects reported seeing spontaneous depth reversals. Of those who did report reversals, many indicated that the frequency of reversals tended to increase toward the end of the experimental sessions.
No subjects reported being unable to "switch back" the depth ordering when a spontaneous reversal occurred. In the same interviews, the subjects were queried about possible strategies that they might have been using for their responses other than the requested strategy. All reported that the objects usually appeared to have a perceived depth, and all reported that they based their responses on this perception.
Each trial proceeded as follows. The subject pressed a key on the keyboard to begin. The adaptation display disappeared and a small (.4-mm) luminous fixation target appeared at either the 90°or the 270°position, as shown in Figure 2 . This target translated curvilinearly around the screen center through an arc of 90°in a direction toward the 0°position in Figure 2 . The subject was instructed to track this fixation target in order to initiate proper eye movements prior to stimulus presentation. When the target reached the 0°posi-tion, it was replaced with the stimulus, which continued to translate curvilinearly about the screen center in the same direction and with the same speed as the fixation target's. The stimulus moved through some range, a (depending on the particular trial), after which it disappeared. The subject was requested to judge the apparent depth in the haif-effipsoid at its terminal position. Because in some of the trials the stimulus moved through a very short a, the viewing time may have been too short for subjects to form ajudgment of the perceived depth. Therefore, after a 1-sec blanking period, the entire sequence was repeated.
3 This cycle of stimulus display and blanking period continued until the subject was ready to make a judgment of depth. When ready, the subject terminated the display by pressing the appropriate key on the keyboard. The stimulus display was replaced by the adaptation display with a prompt for entering a response in centimeters. After the subject responded, the next trial began. Because several subjects participated in more than one experiment, no feedback about the hypotheses of the particular experiments was given until the end of the entire study.
EXPERIMENT 1 Speed of Motion
Experiment 1 was designed to investigate how the buildup of 3-D structure is affected by objects moving at different speeds. There were two main reasons for studying this variable. First, preliminary results (reported in Loomis & Eby, 1990) suggested that this variable affected the rate at which an object perceptually builds up. A second reason was to determine whether the perceptual buildup of structure was related to the range through which an object moved, to the display duration, or to both. By curviinearly translating objects at several different speeds, we could study structural buildup as a function of display duration, independently of the range of motion.
Method
Subjects. Six graduate students from the University ofCalifornia at Santa Barbara acted as observers and were paid for participating. As measured by a Keystone orthoscope, all observers had normal or corrected-to-normal visual acuity in the right eye (the eye used in the experiment). All observers were experienced in making psychophysical judgments of depth extent, but none were familiar with the hypotheses of the experiment.
Design. Three factors were investigated: simulated object depth (8, 16, 32 , and 64 cm), range of motion (0°,4°,10°,20°,30°, 40°, 60°, and 120°), and speed of translation (30°, 60°, and l20°/sec). The perspective ratios (defined as in Braunstein, 1962) forthedifferentdepthobjectswere 1.08, 1.16, 1.32, and l.64for the shallowest to the deepest object, respectively. As depicted in Figure 4 , translation speed (in degrees/second) was equal to the update rate multiplied by the angular increment. Translation speed was varied by independently manipulating these two factors to produce the three different speeds. The 120°/secspeed was produced by curvilinearly translating an object through an increment of 2°/updateat an update rate of 60 Hz (note that the video refresh rate was fixed at 60 Hz). The slowest speed was produced by an angular increment of 1°/updatewith a 30-Hz update rate. Since the fast and slow speeds were produced in different ways, to com-
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Update Rate (Hz) pare these conditions it was necessary to show that the two ways of varying the translation speed were functionally equivalent. Therefore, the 60°/seccurvilinear translation speed was produced in two ways: an angular increment of 1°/updatewith a 60-Hz update rate, and an angular increment of2°/updatewith an update rate of 30 Hz. If no difference is observed in these two conditions, there is justification for comparing the different translation speeds. The various combinations of these factors (4 object depths, 8 ranges of motion, and 4 translation speeds) resulted in 128 conditions in the experiment. The subject participated in three sessions; during each session, the subjectjudged all 128 trials in random order. Each session lasted approximately 40 mm.
Results and Discussion
The average judgments of the 6 observers are shown in Figure 5 . Each panel depicts a different curvilinear translation speed. Because the 60°/secspeed was produced in two different ways, two sets of data are shown in the middle panel. A three-factor (depth x range x speed) repeated measures analysis of variance (ANOVA) of the two 60°/sec speeds showed that there was no statistical difference between the two ways of curvilinearly translatinganobjectat60°/sec[F(1,5) = .89,p = .39], allowing us to compare across all speeds. Because no difference was observed in the 60°/secspeed conditions, in all subsequent analyses the data from these conditions have been averaged.
Several trends are evident in Figure 5 . First, for all translation speeds, a main effect of simulated depth is evident. As is shown by the separation ofthe curves in each panel, the deeper the simulated object, the larger the judged extension in depth. A three-factor repeated measures ANOVA (depth X speed x range) showed this trend to be highly reliable [F(3,15) = 28.51, p < .001]. This result supports the findings of numerous other studies (e.g., Eby&Loomis, 1989; Loomis &Eby, 1988 . Second, structural buildup was found in all conditions; as the range of motion was increased, subjects judged the half-ellipsoid to be longer [F(7,35) 
This result is consistent with the findings ofHildreth et a!. (1990) and Loomis and Eby (1988) . Third, as the speed of translation was decreased, the average depth judgments decreased over all conditions. This main effect was marginally significant [F(2,10) Hildreth et al. (1990) and Loomis and Eby (1988) found, across all translation speeds deeper simulated objects werejudged as reaching asymptotic depth after about the same range of motion as that for shallow objects, but the levels of asymptotic depth differed. Thus, the curves relating judged depth and range of motion for the four simulated object depths had different shapes. This two-way interaction between simulated depth and range of motion was significant [F(2 1,105) = 3.13, p < .001]. All other interactions were nonsignificant.
As shown in Figure 5 , the curves relating reports of depth and range of motion are approximately exponential in shape; this is the basic shape found in previous buildup experiments (Hildreth et al., 1990; Loomis & Eby, 1988) . To compare the shapes of these curves, all curves were fit with the exponential function,
where r is the range of motion in degrees, D' is the judged depth at range r, E,~is the asymptotic extension in depth, and a is the space constant (the range of motion required for judged depth to come within 1-lie of the maximum judgment of depth). lowest overall deviation from the empirical curve (calculated as root mean square, or RMS, error). (See the Appendix for a more detailed discussion of the curve-fitting procedure and the goodness of fit to the data.) The values derived with Equation 1 are shown in Table 2 .
A review of Table 2 shows, as expected, that Emas increased with increases in simulated object depth. Interestingly, Em~also increased as translation speed increased. Without further research, we can only speculate about why this occurred. One possibility is that faster moving objects project a greater amount of relative optical motion information per unit of time. If we compare the space constant values, we find that a did not vary systematically with simulated object depth in the 30°/secand 60°/sec conditions, showing that the buildup ofjudged depth extent was approximately the same, regardless of simulated object depth. On the other hand, in the 120°/seccondition, a decreased with increases in simulated depth, indicating that depth judgments built up at a faster rate when deeper objects were displayed. When we compare a across translation speed conditions, we find that a decreased with slower speeds, indicating that objects moving more slowly built up to maximum depth over a shorter range of motion than did fast moving objects. This finding suggests that not only spatial, but also temporal factors were involved in the buildup of structure.
Note that the results in Figure 5 are plotted as a function of both range of motion and display duration. If we average aover the simulated object depths for each translation speed, we find average space constants of 29.7°, 22.0°,and 16.2°for the 120°/sec, 60°/sec,and 30°/sec conditions, respectively. If range of motion was the only factor related to structural buildup, we would expect these values to be nearly the same; this suggests that duration is also an important factor in the buildup of 3-D structure. When the data in Figure 5 are considered in terms of duration (note that each panel has a different time scale), it is clear that judgments of depth reach asymptotic depth levels at different durations. The curves in Figure 5 were fit with Equation 2, where t is the duration in milliseconds and r is the time constant. This curve fitting was identical to the procedure carried out with Equation 1, except that duration rather than range was used and a time constant, r, rather than a space constant, a, was fitted (see the Appendix). Averaging over simulated object depth, we find rs of 247, 367, and 542 msec for the 120°/sec,60°/sec,and 30°/secconditions, respectively. If duration was the only factor related to structural buildup, we would expect little variation in these values. These facts suggest that both range of motion and stimulus duration are involved in the buildup of 3-D SFM. Without further experimentation, one cannot conclude definitively about the relative contributions of each factor; however, the fact that the bestfitting average a values varied only slightly in comparison with the best fitting r values suggests that the range through which an object moves is the more heavily weighted factor in the buildup of 3-D structure.
The remaining experiments were focused on other factors involved in the recovery of 3-D SFM, independently of the issue of spatial versus temporal effects. These factors were therefore covaried through the study of only one update rate. Because these factors were covaried, the results can be discussed in terms of either range of motion or duration; here the results are reported in terms of duration, so that different types of motions can be compared.
EXPERIMENT 2 Element Numerosity
The buildup of structure was investigated in Experiment 2 as a function of the number of texture elements defining the object. Past studies have shown that variations in the number of elements defining an object can affect the perceived rigidity of the object (Green, 1961; Todd, Akerstrom, Reichel, & Hayes, 1988) , the ability of an observer to detect a change from an unstructured to a structured object (Husain, Treue, & Andersen, 1989) , an observer's overall impression of three dimensionality (Braunstein, 1962) , an observer's ability to identif~'ob-'2~ject shape accurately (Dosher, Landy, & Sperling, 1989a) ,
and an observer's impression of depth (Dosher, Landy, & Sperling, 1989b) . These studies suggested that one might observe a difference in the rate ofstructural buildup when element numerosity was varied.
Method
Subjects. Five subjects participated. Four were paid graduate student subjects recruited from the University of California at Santa Barbara and were unfamiliar with the hypotheses ofthe experiment. The 5th was the author. All subjects were experienced psychophysical observers who had normal or corrected-to-normalvisual acuity in the right eye.
Design. Three variables were investigated: the simulated object depth (14, 20, 28, 40, and 56 cm) , the number of points defining the simulated object (32, 64, 128, 256, and 512 points), and display duration (0, 67, 167, 334, 500, 668, 1,000, and 2,000 msec). These durations corresponded to as of 0°,4°,10°, 20°,30°,40°, 60°,and 120°,respectively. The perspective ratios for the five objects were 1.14, 1.20, 1.28, 1.40, and 1.56 for the shallowest to the deepest object, respectively. In all objects, 4 points were equally spaced about the base of the half-effipsoid, and a 5th point was positioned directly on the apex. The curvilinear translation speed was fixed at 60°/sec.
The combination ofthe variables yielded a total of 200 different conditions in the experiment. Each subject participated in three sessions, during which all 200 trials were judged in random order. The sessions were conducted on separate days, and each session lasted approximately 1.25 h.
Results
The average depth judgments of the 5 observers as a function of the display duration are shown in Figure 6 . Each panel depicts a different simulated object depth. As found in Experiment 1, subjects' judgments of apparent object depth increased with increasing simulated object depth. A three-factor (depth x duration x number of points) repeated measures ANOVA showed this main effect to be highly reliable [F(4,800) . Because all other interactions were nonsignificant, one may conclude that for the range of point flumerosities studied, varying the number of points that defme an object does not affect the buildup of perceived 3-D structure.
The curves in Figure 6 were fit with Equation 2. Emax, and RMS error for each curve are shown in Table 3. As expected, Emax varied proportionally with simulated depth and did not vary systematically between point numerosities within each simulateddepth condition. If we compare r values, we find that, in general, r decreased as simulatedobject depth increased, signifying that deeper simulated objects built up to asymptotic depth over a shorter duration than that for shallow objects; a similar trend was found in Experiment 1. In addition, it was found Display Duration (msec) that r did not vary systematically as a function of the number of points defining the object. The average r values across each simulated depth condition for each point numerosity are shown in Table 3 ; these values had an average difference ofonly 32 msec, which was negligible, considering the fact that each view was updated every 16.7 msec. This finding supports the conclusion that varying the number of points that define an object does not affect the temporal buildup of perceived 3-D structure.
Discussion
This study showed that the buildup of perceived depth judgments in a SFM display is independent of the number of points that define the object, at least in the range studied. This fact is interesting for several reasons. First, the addition of points, from 32 to 512, does not slow the process of recovering SFM as might have been expected if the 3-D recovery process were based on a serial computation of image flow between all elements in the display. Second, even though element numerosity and spatial separation of points covaried in the study, it suggests that the process for recovering SFM can compute structure over a spatially extended range. In the 32-point conditions, the average separation between points was about 23.2 mm (1.3°),whereas inthe 512-pointconditions, this separation was only 5.7 mm (.3°)-afourfold difference. Alternatively, an average separation of 1.3°might represent a separation over which spatially local computation is sufficient, with smaller separations contributing little more. Research on the relationship between element numerosity and larger spatial separations in which the two do not covary should disentangle these possibilities. At any rate, for objects subtending a visual angle of4°,there is no difference in the temporal rate of structural buildup or maximum judged depth level when the object is defined by either 32 or 512 points.
EXPERIMENT 3 Overlapping Versus Nonoverlapping Surfaces
Several studies have shown that the visual system can recover structure from the 2-D projections of 3-D objects that have a nonoverlapping surface (i.e., objects with a single smoothly varying surface, such as a plane or an opaque spheroid) (e.g., Braunstein & Andersen, 1984; Eby, Loomis, & Solomon, 1989; Loomis & Eby, 1988; Todd, 1984) and from objects with overlapping transparent surfaces (such as a transparent spheroid) (e.g., Andersen, 1989; Braunstein, 1962; Braunstein & Andersen, 1984; Donner, Lappin, & Perfetto, 1984; Loomis & Eby, 1988 Mace & Shaw, 1974; Petersik, 1979) . Experiment 3 was designed to investigate the buildup of structure as a function of whether the object has overlapping or nonoverlapping transparent surfaces. This variable was studied because the local projected flow fields are quite different in the two types of displays. In the case of an object with nonoverlapping surfaces, the optic flow field is locally smooth, whereas in the case of overlapping transparent surfaces, the local optic flow field is not smooth (i.e., points that are adjacent in the 2-D projection may be located on two surfaces separated in depth in the 3-D scene). This distinction is important, because mathematical analyses of optic flow have included assumptions about the smoothness of the flow field (e.g., Koenderink, 1986; Longuet-Higgins & Prazdny, 1980) . Andersen (1989) has investigated the ability of an observer to perceive 3-D structure with nonsmooth optic flow fields by simulating overlapping transparent planes separated in depth along the line of sight. He found that up to three surfaces separated in depth could be accurately detected and that judgments of depth between surfaces increased with increases in simulated depth separation. He also discovered that the sign of depth for two overlapping surfaces was accurately perceived. These results suggest that the visual system does not need a smooth optic flow field as input for recovering 3-D SFM. However, the display duration in all of Andersen's displays was 2 sec, a duration that typically yielded asymptotic depth judgments in the present study. It is possible that over the short term a smooth optic flow field is necessary, whereas over the longer term, processes not requiring locally smooth optic flow are used. If so, we would expect judgments of depth to increase more slowly for nonsmooth local optic fields than for smooth optic flow fields.
In this experiment, the paradigm from the first two experiments was used to investigate how perceived depth builds up as a function of whether the object has overlap-ping (nonsmooth optic flow) or nonoverlapping transparent surfaces (smooth optic flow). In order to make the depth judgments comparable across objects, identically shaped objects were used. As shown in Figure 7 , the nonoverlapping-surface objects were recessed half-ellipsoids with an open base; the objects with overlapping surfaces were also recessed half-ellipsoids, but the base was covered with points. With these specialized objects, the simulated extensions in depth were identical, allowing us to assess how depth builds up in the presence of overlapping or nonoverlapping transparent surfaces.
Method
Subjects. Five graduate students from the University of California at Santa Barbara participated for pay. Four of the subjects had participated in Experiment 1 or 2. All had experience in making psychophysical judgments of apparent depth in a SFM task. As measured by a Keystone orthoscope, all subjects had normal or corrected-to-normal visual acuity in the right eye. None of the subjects were familiar with the hypotheses of the experiment. Design. Three factors were studied: simulated object depth (8, 16, 32, and 64 cm), the overlap in the surfaces defining the object (overlapping ornonoverlapping; see Figure 7 ), and the display duration (0, 67, 167, 334, 500, 668, 1,000, and 2,000 msec). These durations corresponded to as of 0°,4°, 10°,20°,30°,40°,60°, and 120°,respectively. The perspective ratios were 1.08, 1.16, 1.32, 1.64 for the shallowest to deepest object. The number of points per object was fixed at 256. For the nonoverlapping-surface objects, all 256 points were randomly distributed about the object surface with the restrictions discussed in the general method section.
The overlapping-surface objects had 60 points randomly positioned on the base, and the remaining points (196) were randomly positioned over the rest of the object. The curvilinear translation speed was held constant at 60°/sec.
The various combinations of the three main factors produced a total of 64 different conditions in the experiment. Each subject participated in four sessions; during each session, the subject judged all 64 conditions in random order. Each session lasted about 40 mm.
Results and Discussion
The average judgments of the 5 observers are shown in Figure 8 . Each panel depicts a different simulated object depth. As found in Experiments 1-2, increasing the simulated object depth and the display duration resulted in significant increases in reports of perceived depth. A 4 (simulated object depth) x 2 (degree of overlap) x 8 (duration) repeated measures ANOVA showed both trends to be highly reliable [F(3,12) = 34.21, p < .001, for depth; F(7,28) = 9.49, p < .001, for duration]. Additionally, there was a significant interaction between amount of surface overlap and simulated depth, reflecting the slight trend for subjects to report a greater difference in the apparent depths of the two kinds of objects as the simulated depth was increased [F(3, 12) = 4.64, p < .05]. All other interactions were nonsignificant.
More interestingly, even though the graphs show that the overlapping-surface objects arejudged to be shallower on the average than the nonoverlapping-surface objects in many cases, the difference is not statistically significant [F(1,4) = 1.64]. A comparison of individual subjects suggested that this observed difference in Figure 8 resulted mainly from the judgment of 1 observer, who judged nonoverlapping-surface objects to be as much as two times deeper than the overlapping-surface objects. This conclusion was supported by an ANOVA computed with subjects as a factor, which showed a statistically reliable interaction between the amount of overlap and subject variables [F(4,12) = 13.3, p < .01]. In addition, there was no significant main effect of amount ofoverlap Figure 7 . Depiction of the shapes used in Experiments 3 and 4. The nonoverlappingsurface half-ellipsoidis similar to the objects used in the other experiments in-this-study. The overlapping-surface object is also a half-ellipsoid; but, rather than having the base open, it was a surface defined by texture elements. The actual objects were transparent (rather than opaque as shown here) so that the impression was thatufiouking into the object through a transparent base. As in the other experiments, the objects were defined by points of light randomly distributed on the simulated surfaces.
Overlapping
Nonoverlapping [F( 1,3) = 6.1]. This finding is consistent with the results of Andersen (1989) . The observed separation ofthe curves in Figure 8 is likely to be the result of the judgments of 1 observer.
The eight curves in Figure 8 were fit with Equation 2. Table 4 shows r, Emax, and the goodness-of-fit measure (RMS error) for each curve. As found in the previous experiments, Emax increased as simulated object depth increased. Additionally, Emax was consistently larger in the nonoverlapping-surface conditions than in the overlappingsurface conditions; this was expected by looking at the graphs in Figure 8 . In Experiment 2, r was found to decrease with increases in simulated object depth. Overall, a similar trend was observed here, except in the case of the 64-cm simulated object. A comparison of r between nonoverlapping-and overlapping-surface objects shows that in three of the four simulated depth conditions, r was greater for the nonoverlapping-surface objects. Since there was no significant main effect for the overlap variable, this result was most likely produced by the observed subject x condition interaction, indicating only that at least 1 subject had a tendency to judge overlapping transparent surface objects as building up to maximum depth over a longer duration than that for nonoverlapping-surface objects. However, these differences consist only of a few degrees, and further research is needed to determine the effect of nonsmooth local optic flow on the buildup of perceived 3-D structure.
EXPERIMENT 4 The Effect of Rotation and Degree of Surface Overlap
In this experiment, structural buildup was investigated as a function of rotation about a vertical axis rather than curvilinear translation-as had been the case in the previous three experiments. There were two primary reasons for studying this factor. First, in all of Hildreth et al. 's
w 10 aDisplay Duration (msec) (1990) experiments, rotating displays were used. In the present experiment, buildup was investigated as a function of rotation so that the present findings could be better related to Hildreth et al. 's work. A second reason for studying rotational motion involved a SFM display developed by Jack Loomis at the University of California at Santa Barbara. In this display, an object rotated about a vertical axis. Every 180°of rotation, the simulation would instantaneously switch between a disk and a pillshaped object. The impression as one viewed this display was that the perceiveddepth in the object changed rapidly and stabilized when the objects were switched; this stabilization period seemed to be much shorter than the .5 sec (60°range of translation) or so that we observed with curviinearly translating objects in Experiments 1-3. Because this object was rotating rather than translating, it is possible that the buildup of structure is much faster when objects rotate. Additionally, because Experiment 3 showed a null effect of surface overlap but the graphs indicated a slight tendency for nonoverlapping-transparent-surface and overlapping-transparent-surface objects to perceptually build up at different rates, this factor was again varied.
Method
Subjects. Six graduate students from the University of California at Santa Barbara participated for pay. All had participated in at least one of the previous experiments. None were familiar with the hypotheses of the experiment.
Stimuli and Apparatus. The objects were created in the same way as in Experiment 3, except that they had a base radius of 5 cm. Since the objects were simulated as rotating about a vertical axis rather than translating, they were centered on the display screen. The objects rotated through various angles at an angular velocity of 60°/sec.The rotary increment between views of an object was 1°.As in the previous experiments, the displays were viewed from a distance of I m.
One difficulty in studying the recovery of 3-D structure from rotating nonsymmetrical objects is that as the object rotates, it projects a constantly deforming contour. As noted previously, changing contour information in isolation is sufficient for the recovery of shape (e.g., Andersen & Cortese, 1989; Loomis & Eby, 1989; Miles, 1931; Pollick, 1989; Todd, 1985; Wallach & O'Connell, 1953) .
This cue was therefore reduced in two ways. First, the range through which the objects rotated was limited, thereby minimizing the change in the projected contour. Second, the display was masked so that only a circular portion (radius = 4.5 cm) of the display was visible. The circular aperture was positioned so that it just occluded the circular border of the object. With these two manipulations, the projected contour of the objects was circular-except for the contour of the flattest object used in the experiment (a disk) when that object rotated through its greatest angular range (64°).
Design. Three factors were studied in this experiment: simulated depth of the object (0, 5, 10, and 15 cm), the amount of overlap in the surfaces defining the objects (overlapping or nonoverlapping; see Figure 8 ), and the display duration (0, 33, 67, 100, 134, 267, 534, and 1,069 msec) . These durations corresponded to rotations aboutavertical axis of0°,2°,4°,6°,8°,16°, 32°,and 64°,respectively. Theperspective ratios were 1.00, 1.05, 1.10, and 1.15 for the shallowest to the deepest simulated objects. As shown in Figure 9 , the rotary motion was evenly centered about the orientation in'which the object base was parallel to the display screen.
The display procedure was similar to that employed in the previous studies. The display started with the object oriented at its maximum angular extent (Position 1 in Figure 9 ). It then rotated through the appropriate angular range for that trial to its other maximum extent (Position 2 in Figure 9) . The display was then blanked for 1 sec. This cycle of stimulus display and blanking was continually repeated until the subject responded.
The various combinations of these factors yielded 64 different conditions for the experiment. The subject participated in four separate sessions, during which he or she judged all 64 conditions in random order. Each session lasted about 40 mm.
Results
The average results of the 6 observers are shown in Figure 10 . Each panel depicts a different simulated object depth. As in all of the previous studies, there were systematic effects of simulated object depth and display duration, with reports of depth increasing with increases in either factor. A 4 (depth) x 8 (duration) x 2 (amount of overlap) repeated measures ANOVA showed both effects to be highly reliable [F(3,15) = 48.82, p < .001, for depth; F(7,35) = 42.22,p < .001, for duration]. Additionally, a review ofthe panels in Figure 10 shows that as simulated depth increased, the structure required a longer duration to build up. This interaction was significant [F(21,105 The eight curves in Figure 10 were fit with Equation 2. T, Emax, and goodness-of-fit values (RMS error) for each curve are shown in Table 5 . As found in all of the previous experiments, Emas increased with larger simulated object depths. In support of the findings in Experiment 3, Emax was consistently larger for the objects with nonoverlapping surfaces. A comparison ofthe r values shows that as deeper objects are simulated, the derived r values increase slightly, indicating that deep objects built up to maximum depth over a greater duration than that for shal- low objects. This is surprising, because it is opposite to the trend that was found in Experiments 1-3 with curviinearly translating objects. Comparing r across the surface overlap variable shows that T was slightly, but consistently, higher for the nonoverlapping objects, signifying a more rapid buildup in the nonoverlapping-surface objects. This finding is consistent with the small trend found in Experiment 3, suggesting that the small but reliable differences in the r values between the amount of over- (Table 4) are compared with the r values in Experiment 4 (Table 5), we find that when objects are rotating, judgments of depth build up to maximum over a much shorter duration. Collapsing across the surface overlap variable for the 16-cm object in Experiment 3 and the 15-cm object in Experiment 4 (objects that were closely matched in perspective), we find average rs of 343 and 157 msec, respectively. This difference is more than a factor of two, showing that judgments of perceived object depth for rotating objects build up to a maximum in half the time required for curvilinearly translating objects.
Discussion
When the results of Experiment 4 are compared with the results of Experiment 3, we find that structure builds up much more rapidly when objects are simulatedas rotating in depth rather than curviinearly translating. This is the likely explanation for the fast structural buildup of the rotating object observed in the object-switching display described earlier.
Why do judgments of rotating objects build up faster than judgments of translating objects? Without further research, this question cannot be answered definitively. One possibility, however, is that different processes for recovering 3-D depth are used when objects are rotating than when they are translating (e.g., Braunstein, 1986; Braunstein & Andersen, 1984; Braunstein et al., 1986; Braunstein & Tittle, 1988) . Support for this idea is given by the facts that (1) the trends for the time constants between the different simulated object depths were opposite in direction for rotation and for curvilinear translation and (2) a comparison of the Emax values for objects of similar simulated depths showed that the judgments of depth extension leveled off at a much higher value for rotating objects than for objects translating along a curvilinear path (see Table 4 , 16-cm object, and Table 3, 15-cm object).
GENERAL DISCUSSION
In Experiment 1, it was found that the buildup of 3-D structure was dependent on the speed at which an object curvilinearly translated as well as the range through which the object translated. Experiment 2 showed that the buildup ofdepth judgments was unaffected by the number ofpoints defining the object, including the maximum apparent depth within each simulated object size condition. This null effect of point numerosity on maximum judgments of apparent depth is consistent with previous findings (Eby Dosher et al., 1989b) . Experiments 3 and 4 showed that structural buildup is essentially the same regardless of the smoothness of the optic flow field; however, a comparison of the best-fitting r values indicated a tendency for objects that produced a smooth local optic flow (nonoverlapping-surface objects) to build up more slowly than objects that produced nonsmooth local optic flow (overlapping-transparent-surface objects). In Experiment 4, the effect of structural buildup was studied as a function of rotary motion rather than curvilinear translation. It was found that rotary motion produced a much more rapid increase in judgments of apparent depth than did curvilinear translation; the average r was 127 msec, less than half the average r in the fastest object translation condition in Experiment 1.
In all of the experiments, judgments of apparent depth reached asymptotic values at a level that was less than the simulateddepth in the objects; this trend was strongest for the objects that were simulated as translating curviinearly about the screen center. Such underestimations of apparent depth are common (see, e.g., Andersen, 1989; Braunstein & Tittle, 1988; Eby & Loomis, 1989; Loomis & Eby, 1987a .
There are several possibilities for why this occurred. One is that the subject is underestimating the absolute distance . to the display monitor (Andersen, 1989; Ono, Rivest, & Ono, 1986) , resulting in a foreshortening of the perceived depth from relative optical motion. Since no data about the absolute distance to the display was collected, we cannot rule out this possibility. However, it seems unlikely that this could account for all of the foreshortening of perceived depth extent reported here. For example, in Experiment 3, the deepest simulated object was 64 cm in depth, yet judgments of depth averaged only about 10 cm; this is an underestimation of about 83%. Such underestimations of depth would likely require the subject to perceive the absolute distance of the display to be at least two thirds closer than its physical location. This is unlikely, and it is not supported by the subjective impressions of the author.
As suggested by Braunstein and Tittle (1988) , another possibility is that other sources of information signaling flatness work against the relative optical motion information signaling depth. In the present displays, the size and luminance of all texture elements were equal, indicating a flat object; accommodation would have provided information that the display was flat; and the equidistance tendency (Gogel, 1965 ) might have provided a flatness signal. Although the effectiveness of this type of information to signal flatness in SFM displays has not been systematically investigated, it is likely that they reduced the subjective impressions of depth in the present displays.
However, the characteristics of the texture elements, accommodation, the equidistance tendency, and presumably the absolute distance to the display were constant throughout this study. If these sources of information about flatness do not vary in effectiveness between different kinds of motions, and if the underestimation of depth was entirely the result of these factors, one would expect to find objects of similar simulated depths to be judged as appearing to be roughly equal in depth extent when the objects undergo different motions. This was not the case in the present study; rotating objects built up to a greater depth than did curviinearly translating objects (compare Figures 8 and 10 ). This finding is consistent with the results of Loomis and Eby (1990) , who have shown that perceived depth judgments of the same simulated object undergoing a wide variety of motions vary systematically with the simulatedmotions, even when the flatness information discussed previously is constant throughout the experiment. These results suggest that (1) the effectiveness of flatness information to signal flatness may vary as a function of the simulated 3-D motion; (2) the depth information produced by the different simulated 3-D motions may vary in effectiveness; or (3) a combination of both possibility 1 and possibility 2 contributes to the foreshortening of depth judgments.
The curves relating reported depth to display duration in each experiment were fit with exponential functions (Equations 1 and 2). Two consistent trends were observed between experiments. First, Emax increased with larger simulated object depths, as expected. Second, in Experiments 1, 2, and 3, there was a tendency for the derived r values to vary inversely with simulated object depth. This fact suggests that deep simulated objects built up to maximum depth over a shorter duration (and range of motion) than did shallow objects when objects were simu-lated as curviinearly translating. Because the 2-D projections of deep objects in motion produce a greater amount of relative motion between image points than do shallow objects undergoing the same motion, the trend for simulated object depth and r may suggest that the output of the mechanism for recovering 3-D SFM is closely linked with the magnitude of relative motion in a display.
4 If so, we would expect the objects defined by overlapping transparent surfaces (Experiments 3 and 4) to be best fit by r values that are smaller than the best-fitting rs for nonoverlapping-surface objects. (The reason for this is that, for overlapping-transparent-surface objects, texture elements on one surface move relative to the elements on the transparent surface in front; this is relative motion that would not be present without the second surface.) Indeed, both experiments on the amount of overlap of transparent surfaces showed slightly higher r values for nonoverlapping-surface objects; however, these differences were quite small. The nature of the relationship between r and relative motion, however, is still unclear. A simple measurement of relative motion in a display (e.g., Loomis & Eby, 1989 ) cannot explain why opposite effects for r and simulated object depth were found when objects rotated in Experiment 4. In this experiment, r increased with increases in simulated object depth, a trend opposite to that observed in Experiments 1, 2, and 3. This finding supports the idea that optic flow fields produced by rotation may be processed differently than optic flow fields produced by translations (see, e.g., Braunstein, 1986; Braunstein & Andersen, 1984) , or, at the very least, analyzed using information other than relative motion in the interpretation of the optic flow. Moreover, in Experiment 1, r decreased with decreasing speeds of translation. The fact that this decrease in r occurred even when the average relative motion between points per degree of curvilinear translation was the same for all three translation speeds suggests that the mechanism for recovering 3-D SFM may respond to the time rate of relative motion rather than simply relative motion per distinct view.
In summary, the present results agree with and extend the results of previous investigations into the buildup of 3-D structure (Hildreth et al., 1990; Loomis & Eby, 1988) . The results show that Wallach and O'Connell's (1953) assertion that tridimensionality is immediately perceived in a KDE display is correct. However, judgments of amount of depth continue to increase up to about .5 sec. In addition, the rate of this buildup is dependent on the type of object motion, the duration, and the range through which the object moves.
